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R6sum6 - Les observations r6alis6es au microscope 6lectronique h transmis- 
sion sur des whiskers de Gap, chauff6s iwsitu dans la chambre objet, 
ont montr6 la formation de pointes coniques qui rgcessionnent en fonction 
de la dur6e du traitement thermique. Cette 6volution est conforme h celle 
pr6vue thgoriquement pour le cas oh on a action simultan6e de l'auto- 
diffusion de surface et de l'gvaporation 
Cette Btude pr6liminaire montre la possibilit6 d'utiliser la m6thode dl&- 
volution de pointe pour des mesures du coefficient d'auto-diffusion de 
surface et du taux d16vaporation de mat6riau semi-conducteur. 

Abstract - The observations of Gap whiskers heated in-situ in transmission 
electron microscope show the formation of conical tips which recede with 
time. This evolution corresponds to the tip profile evolution predicted 
theoretically in case of a simultaneous action of surface self-diffusion 
and evaporation. This preliminary study shows that the tip evolution method 
can be used to measure surface self diffusion coefficients and evaporation 
rates of semiconductors. 

I - INTRODUCTION 

The surface self-diffusion coefficient Ds is usually studied with crystal profile 
evolutions due to capillarity induced mass-transport. One of the best techniquesis 
tip profile evolution /1/2/. This technique has been used for the determination of 
metal surface self-diffusion coefficients for temperatures from 0.5 to 0.95 of the 
melting point ( W ,  Cu, Mo, W with an adsorbed layer of Pd, Ni or C):-In this paper 
we have tried to apply the tip evolution technique to measure the evaporation rate 
and the surface self-diffusion coefficient of a semiconductor (Gap). 

I1 - THEORETICAL BASIS AND EXPERIMENTAL PROCEDURE 

11.1 - Theoretical basis 

Tip profile evolution by surface diffusion only has been numerically calculated by 
Nichols et f4ullins /3/. This analysis was then extended to cases where surface 
diffusion is active simultaneously with free evaporation. This has enabled profile 
evolution studies in higher temperature regions up to the melting point /1/4/. 
Essential results of this study are : 

1) - For tip half cone angles (a) smaller than a critical value, a stric-tion is 
formed near the end of the tip, and the striction diameter decreases with time until 
the detachment of a solid drop (ovulation). The value of the critical half cone 
angle is 3 degrees for surface diffusion only, the value is 6 degrees when tip evo- 
lution is due to simultaneous surface self diffusion and free evaporation. 

2) - For tip evolutions with surface self-diffusion only, and for half cone angle 
greater than 3 degrees, the tip geometry becomes similar and the tip dimensions 
becomes proportional to t1/4 (t is the heating time). Such an evolution is presented 
on figure 1 for an half cone angle of 7 degrees and is called a steady-state profile 
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evolution. The steady-state profile is a function of the tip half cone angle. 

Fi . 1 - Tip evolution by surface self-diffusion only. (A) initial conical profile, 
(By profile after a certain heating time, ( ( C )  profiles after longer heating times : 
steady-state profile evolution. 

3) - When surface self-diffusion and free evaporation act simultaneously, the tip 
evolves from the initial conical profile towards a profile which is function of the 
tip half cone angle /2/. The geometrical dimensions of this profile are function of 
the diffusion fluxes and the evaporation rate. After longer heating time the tip re- 
cedes but its profile and its geometrical dimensions remain constant. In particular 
the radius remains constant (limit radius). Such evolution is called pseudo-statio- 
nary profile (fig. 2). 

Fig. 2 - Tip evolution by simultaneous 
action of surface self-diffusion and 
evaporation. 
(A) initial conical profile, 
(B) profile after a certain heating 

time, 
(C) profiles after longer heating times 

(pseudo-stationary profiles). 



The l i m i t  p r o f i l e  and i t s  dimensions a r e  f u n c t i o n  o f  t h e  t i p  h a l f  cone angle.  The 
d i f f u s i o n  f l u x e s  and t h e  evapo ra t i on  r a t e  ( temperature) .  I n  p a r t i c u l a r  t h e  l i m i t  
r a d i u s  RL i s  g i ven  by : 

w i t h  

RL = (K1 / ~ 2 ) 1 / 3  (1 )  

K1 = y D s  ( (A, d v )  / 4 k T )  ( 2 )  

where K2 i s  t h e  evapo ra t i on  r a t e ,  y i s  t h e  su r face  tens ion,  'n i s  t h e  a tomic  volume, 
i s  t h e  number o f  d i f f u s i n g  su r face  atoms p e r  u n i t  area, A, i s  a  known geometr ica l  

t i p  parameter /3 / ,  k i s  t h e  Boltzmann constant ,  and T t h e  h e a t i n g  temperature.  

Du r i ng  t h e  pseudo -s ta t i ona ry  p r o f i l e  e v o l u t i o n  t h e  t i p  recess ion  AZ i s  e s s e n t i a l l y  
a  f u n c t i o n  o f  t h e  evapo ra t i on  r a t e  and o f  t he  t i p  h a l f  cone ang le  : 

a z / a t  = K2 / s i n  a ( 3  

Two cases have t o  be d i s t i n g u i s h e d  : ( 1 )  t h e  l i m i t  r a d i u s  i s  g r e a t e r  than i n i t i a l  t i p  
rad ius ,  i n  t h i s  case t h e  t i p  b l u n t s  u n t i l  t h e  l i m i t  p r o f i l e  i s  formed ; ( 2 )  t h e  l i m i t  
r a d i u s  i s  s m a l l e r  than t h e  i n i t i a l  t i p  rad ius ,  i n  t h i s  case t h e  t i p  i s  sharpened 
u n t i l  t h e  l i m i t  p r o f i l e  i s  formed /7/. These s t u d i e s  show t h e  p o s s i b i l i t y  t o  d e t e r -  
mine su r face  s e l f - d i f f u s i o n  c o e f f i c i e n t s  and evapo ra t i on  r a t e s  f r o m  t i p  h e a t i n g  
exper iments.  

11.2 - Exper imental  procedure 

An e l e c t r o n  microscope techn ique (TEN) has been developped t o  s tudy  i n - s i t u  t h e  
growth o f  semiconductor wh iskers  Gap. D e t a i l s  o f  t h i s  techn ique a r e  presented e l se -  
where /5/. B r i e f l y ,  t h e  t r ansm iss ion  e l e c t r o n  microscope ( P h i l i p s  EM 300) i s ,  i n  
t h i s  case, equipped w i t h  a  m ic ro - fu rnace  i n  t h e  o b j e c t  chamber which a l l o w s  c o n t i -  
nuous obse rva t i on  d u r i n g  t h e  heat ing .  The temperature  i s  measured by a  Pt-Rh/Pt 
thermocouple. The maximum temperature  i s  1200 O C .  The vacuum i s  about 10-6 To r r .  
I n e r t  gases a r e  i n t roduced  i n  o r d e r  t o  avo id  and min imize t h e  i n f l u e n c e  o f  impu- 
r i t i e s .  

A f t e r  t h e  f o rma t i on  o f  Gap whiskers,  t h e  wh iskers  a r e  heated and i t s  shape e v o l u t i o n  
i s  f o l l o w e d  c o n t i n u o u s l y  and recorded b y  a  v i deo  camera a t  t h e  r a t e  o f  50 images/ 
second. 

111 - RESULTS AND DISCUSSION 

Micrographs o f  Gap t i p  e v o l u t i o n  a r e  presented on f i g u r e  3 f o r  a  temperature  measured 
by  t h e  thermocouple o f  850 C. They show t h e  i n i t i a l  Gap wh iske r  p r o f i l e  (F ig .  3.a) 
then i t s  sharpening towards a  c o n i c a l  t i p  w i t h  a  h a l f  cone ang le  between 6 and 7 
degrees (F ig .  3.b). T h i s  p r o f i l e  remains cons tan t  a f t e r  l o n g e r  h e a t i n g  t ime, w i t h  
however a  measurable recess ion  r a t e  o f  130x .  T h i s  e v o l u t i o n  corresponds t o  a  pseudo- 
s t a t i o n a r y  t i p  p r o f i l e  e v o l u t i o n .  

These exper imenta l  r e s u l t s  a r e  used t o  determine t h e  evapo ra t i on  r a t e  (eq. 3 )  which 
i s  about 398, / sec. The l i m i t  r a d i u s  i s  about 408, and t h e  h a l f  cone ang le  i s  about 
7 degrees. 

From t h e  evapo ra t i on  r a t e  i t  i s  es t ima ted  t h a t  t h e  a c t u a l  t i p  temperature  i s  about 
l5OOC /6/ .  U n f o r t u n a t e l y  we have n o t  found an evapo ra t i on  r a t e  versus temperature 
diagram o f  Gap i n  t h e  l i t e r a t u r e ,  which would have unabled a  more p r e c i s e  l o c a l  tenpe- 
r a t u r e  de te rm ina t i on .  I t  i s  supposed t h a t  t h e  d i f f e r e n c e  between t h i s  temperature and 
che temperature measured by t he  thermocouple i s  a  consequence o f  t h e  s p e c i a l  h e a t i n g  
technique used. 
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f i g .  3  - Gap t i p  p r o f i l e  evolut ion.  (a )  i n i t i a l  Gap whisker p r o f i l e ,  ( b )  whisker 
sharpened and receded by heating ( format ion o f  l i m i t  t i p  p r o f i l e ) ,  ( c )  and (d )  
the same whisker a f t e r  longer heat ing time (b-c = 0.2 sec ; c-d = 0.2 sec) showing 
pseudo-stat ionary p r o f i l e  evo lu t ion  (whisker leng th  reduct ion from b t o  d i s  about 
130 8 ) .  

I n  conclusion, i t i s  shown t h a t  the vacuum high temperature treatment o f  a  semicon- 
ductor  t i p  o r  whisker leads t o  morphological evolut ions which agrees w i t h  those pre- 
d i c t e d  t h e o r e t i c a l l y  and found exper imenta l ly  so f a r  i n  the case o f  metals, which i s  
an evo lu t ion  due t o  a simultaneous a c t i o n  o f  sur face s e l f - d i f f u s i o n  f luxes  and evapo- 
ra t ion .  Therefore the described experiment and device can be used t o  measure surface 
s e l f - d i f f u s i o n  c o e f f i c i e n t s  o f  semiconductors. Nevertheless the  described study i s  
on ly  a f i r s t  step t o  study semiconductor surface se l  f - d i f f u s i o n .  Fol lowing steps 
should be a q u a n t i t a t i v e  measurement o f  Os as a f u n c t i o n  o f  temperature as we l l  as 
attempts t o  ob ta in  in format ions on the  mechanism o f  such d i f f u s i o n .  
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